Abstract Luzula sect. Luzula is one of the taxonomically most intricate groups of angiosperms, where diversification is mostly driven by true polyploidy and agmatoploidy (fission of chromosomes) leading to three different karyotypes (whole chromosomes -AL, halfsized chromosomes -BL and quarter-sized chromosomes -CL). Morphologically, the taxa are often difficult to distinguish, and genome size data coupled with karyological investigations are currently the most reliable means for their identification. For the Balkan Peninsula, one of the botanically least studied areas of Europe, ten taxa from this section have been reported, but little is known about their distribution. We here estimated the nuclear DNA amount (genome size, GS) using interphase-peak DNA image cytometry and counted the chromosomes for 33 populations of five species of Luzula sect. Luzula mostly from mountainous areas of the Balkan Peninsula and the adjacent southeastern Alps. Five taxa have been confirmed, of which L. divulgatiformis is new for Croatia and L. exspectata for Macedonia and Serbia. The most common species in the Dinaric mountains appears to be diploid (2n = 12 AL) L. taurica, for which the GS (2C = 0.83 pg DNA, fitting well in the range of previously determined values of diploid taxa) has been determined for the first time. The GS and karyotypes of other taxa (L. campestris, L. divulgatiformis, L. exspectata, L. multiflora subsp. multiflora) correspond well to previously published values. An identification key for the Balkan taxa of Luzula sect. Luzula is also included.
Introduction
The evolution of plants, especially of angiosperms, is characterized by numerous polyploidization events (Soltis et al. 2009 ) that significantly contributed to their diversification and radiation (Wood et al. 2009; Husband et al. 2013; Madlung 2013) , as they enable almost instantaneous speciation (Weiss-Schneeweiss et al. 2013) . Two types of polyploidy can be recognized from a genetic point of view. Autopolyploids arise within a single population or among ecotypes of a single species whereas allopolyploids are derived from interspecific hybrids (Ramsey and Schemske 1998) . The genome size (GS) of polyploids is expected to increase in direct proportion with ploidy level, even if in some polyploid groups a significant decrease of monoploid GS, termed genome downsizing (Verma and Rees 1974; Renny-Byfield et al. 2013) , can be observed. Contrary to true polyploidy, in some cases the increase in chromosome number is not correlated with an increase of genome size, a phenomenon named agmatoploidy (Malheiros and Gardé 1950; Löve et al. 1957) ; instead, the nuclear DNA amount is retained (Mello-Sampayo 1961; Bačič et al. 2007a) . Agmatoploidy is based on fission of holocentric (holokinetic) chromosomes, which possess diffuse kinetochores spread along the chromatids and lack primary constrictions (Luceño and Guerra 1996; Haizel et al. 2005; Nagaki et al. 2005; Heckmann et al. 2011; Bozek et al. 2012; Melters et al. 2012; Heckmann et al. 2013) . The phenomenon has been observed in animals and several angiosperm lineages (for a review, see Melters et al. 2012 ), e.g. Carex (Löve et al. 1957; Hipp et al. 2009 ), Cuscuta (Pazy and Plitmann 1995) , Drosera (Melters et al. 2012) and Luzula (Nordenskiöld 1951; Bozek et al. 2012) .
Luzula DC. (Juncaceae) comprises ca 115 species distributed throughout the world. The most variable and taxonomically diverse group within the genus is Luzula sect. Luzula with 57 taxa worldwide, of which almost twenty occur in Europe, one of the richest diversity centres of the section (Kirschner 2002; Drábková et al. 2003) . The diversification of this group is mainly based on karyological differentiation, founded on both agmatoploidy and true polyploidy (Malheiros and Gardé 1950; Nordenskiöld 1951; Bačič et al. 2007a; Bozek et al. 2012 ). Due to agmatoploidy, the taxa of the genus Luzula have chromosomes of three different sizes. The largest, full-size chromosomes are designated as AL-type, the intermediate, half-size chromosomes as BLtype and the smallest, quarter-size chromosomes as CL-type (Nordenskiöld 1951; Bozek et al. 2012) . The change of chromosome number due to agmatoploidy (partial and complete) provides effective genetic isolation and abrupt speciation at the diploid level (Nordenskiöld 1951 (Nordenskiöld , 1956 Kirschner 1992a,b; Bozek et al. 2012 ). Agmatoploid chromosome sets are then carried to higher ploidy levels through allopolyploidy (Kirschner 1992a) .
Morphologically, the taxa within the section are difficult to distinguish. The poor morphological differentiation is an obstacle to chorological, phytosociological and ecological investigations and is also one of the reasons why cytogenetic as well as phylogenetic studies of Luzula sect. Luzula are scarce (but see e.g. Drábková et al. 2003 Drábková et al. , 2006 . Bozek et al. (2012) recently combined cytological and phylogenetic data and showed that different mechanisms of karyotype evolution operate in different lineages of Luzula. However, the recent description of two new species from Central Europe, L. divulgatiformis Bačič & Jogan and L. exspectata Bačič & Jogan (Bačič et al. 2007a) clearly shows that the diversification of the group is poorly understood and needs more attention. Moreover, the precise distribution of the taxa, both due to the description of the new species and common misidentifications (Bačič et al. 2007b ) is insufficiently known, especially for botanically less explored regions of Europe.
The Balkan Peninsula belongs to the botanically least explored regions of Europe even if it is probably Europe's floristically richest area harbouring about 6,500 species of which more than one third (ca 2,600 to 2,700) are endemic and about 400 are considered local endemics (Horvat et al. 1974; Kryštufek and Reed 2004; Stevanović et al. 2007; Tomović et al. 2014) . Several new species have been described from the Balkans in the last decade (see Frajman et al. 2014 for a review), and several new localities of rare or overlooked species have been discovered (e.g. Frajman and Schönswetter 2008; Mullaj et al. 2010; Frajman and Bačič 2011; Milanović et al. 2011; Barina et al. 2011 Barina et al. , 2013 Frajman et al. 2013; Frajman et al. 2014 ). Last but not least, an ever increasing number of phylogenetic and phylogeographic (e.g. Frajman and Oxelman 2007; Stefanović et al. 2008; Frajman and Schneeweiss 2009; Kučera et al. 2010; Surina et al. 2011; Lakušić et al. 2013; Kutnjak et al. 2014; Rešetnik et al. 2014; Surina et al. 2014) as well as cytogenetic studies (e.g. Bogunić et al. 2003 Bogunić et al. , 2011a Siljak-Yakovlev et al. 2005 Muratović et al. 2010; Sánchez-Jiménez et al. 2012; Niketić et al. 2013) shows complex diversification patterns in this area.
For the Balkan Peninsula, at least eight taxa from Luzula sect. Luzula have been reported by Kirschner (2002;  Table 1 ). In addition, two recently described complete agmatoploid taxa L. divulgatiformis and L. exspectata have also been discovered in the northernmost parts of the Balkan Peninsula in Slovenia (Bačič et al. 2007a; Frajman and Bačič 2012) and are expected to occur also in other parts of the Balkans taking into account their known distribution and ecology. Some of the taxa have only been reported for a few localities and some reports are based only on morphological inspection, and are thus unreliable.
So far, GS was estimated for L. abyssinica Parl. (Šmarda et al. 2014) , L. alpina Hoppe (Bačič et al. 2007a) , L. campestris (L.) DC. (Sen et al. 1990; Mukherjee et al. 1993; Bačič et al. 2007a; Bozek et al. 2012) , L. divulgata Kirschner (Bačič et al. 2007a) , L. divulgatiformis (Bačič et al. 2007a) , L. exspectata (Bačič et al. 2007a) , L. multiflora (Ehrh.) Lej. (Barlow and Nevin 1976; Kuta et al. 2004; Bačič et al. 2007a; Bozek et al. 2012) , L. pallescens Sw. (Mello-Sampayo 1961; Halkka 1964) and L. sudetica (Willd.) Schult. (Mukherjee et al. 1993; Bačič et al. 2007a; Bozek et al. 2012) . Most of these species are also listed in the Plant DNA C-values database (Bennett and Leitch 2012) .
Taking into account the morphological similarity of the taxa and common misidentifications, our aim is to contribute to the knowledge of the distribution of mostly mountain-dwelling taxa from Luzula sect. Luzula on the Balkan Peninsula using reliable characters, i.e. karyotype and GS data, which are crucial for identification. We focus mostly on the mountainous areas of the Balkan Peninsula but include also the adjacent southeastern Alps. We provide new GS and karyological data and contribute additional evidence for an agmatoploid origin of certain karyotypes. An identification key for Balkan species is provided.
Material and methods

Plant material
Samples of plants and seeds from populations of Luzula sect. Luzula were collected in Slovenia, Croatia, Bosnia and Herzegovina, Serbia, Kosovo, Montenegro, Albania, Macedonia, and Bulgaria in years 2005-2012. In total, 33 populations and up to 10 individuals per population were investigated. Herbarium vouchers of the examined populations are deposited in the herbarium of the University of Ljubljana (LJU). The plants were determined using determination keys and other literature relevant to the area studied (e.g. Kirschner 1993 Kirschner , 1994 Kirschner , 2002 Bačič et al. 2007b ). The determinations were verified with karyological analyses. Additionally, two samples of L. divulgatiformis (B23 and S24) and two of L. taurica (V.I. Krecz.) Novikov (B24 and B25), reliably determined on morphological basis only, were included in the distribution map. A list of the samples and their localities is given in Appendix 1, and their distribution is shown in Fig. 1 , where also the localities of Balkan populations with the exceptions of the common lowland species L. campestris and L. multiflora, studied by Kirschner (1992a Kirschner ( , 2002 and Bačič et al. (2007a,b) , are mapped.
Chromosome numbers and genome size measurement Seeds were germinated in Petri dishes until the roots were at least 3 mm long. Root tips of young seedlings were fixed, stained and squashed to prepare microscopic slides, as previously described in Bačič et al. (2007a) . Briefly, root tips were fixed in 4 % phosphate-buffered neutral formaldehyde at room temperature and postfixed in 3:1 methanol : acetic acid at 4°C. Fixed root tips were hydrolysed in 5N HCl for 90 min at 20°C and stained with Feulgen reagent. Stained root tips were washed in several changes of SO 2 -water, and squash preparations of dissected root meristems were prepared in 45 % acetic acid. Nuclear DNA amount (C-value) was measured densitometrically by interphase-peak DNA image cytometry (Vilhar et al. 2001) , using an Axioscope MOT light microscope (Carl Zeiss, Germany) with a 63× oil immersion objective, CCD camera (Sony DXC-950P), frame grabber (Matrox Meteor), PC and the KS 400 ver. 3.0 image analysis software package (Carl Zeiss, Germany). The image analysis system was densitometrically calibrated prior to each set of measurements, and integrated optical density (IOD) was measured for approximately 200 interphase nuclei per slide.
Pisum sativum cv. 'Kleine Rheinländerin' (2C = 8.84 pg DNA, Greilhuber and Ebert 1994) was used as the calibration standard to convert arbitrary units of IOD to pg DNA. Pisum sativum root tips were processed simultaneously with the Luzula specimens during all experimental procedures. The amount of DNA in the unreplicated (G1 phase) nuclei was expressed as 2C-values; for simplicity, we hereafter apply the term genome size (GS) to these values. The same slides were (Kirschner 2002 , Bačič et al. 2007a ,b, Frajman and Bačič 2012 used to determine the number and type of chromosomes. The mean size of metaphase chromosomes was calculated from the 4C-value divided by the chromosome number. Chromosomes with a size > 90 fg. were designated as AL-type and chromosomes ranging from 45 to 90 fg. as BL-type. Statistical analyses were performed with Microsoft Excel and Prism 3.02 (GraphPad) software.
Results
Four karyotypes corresponding to five different taxa were determined for the 33 populations analysed (Table 2, Fig. 3) . Most of the populations belonged to L. exspectata (12) and L. taurica (10) whereas other taxa were represented by a single or only a few samples. Chromosomes of L. campestris, L. taurica and L. multiflora were designated as AL-type, while chromosomes of L. divulgatiformis and L. exspectata were half the size and were designated as BL-type ( Table 2 ).
The average size of all AL chromosomes in the study was 144.63 f. DNA. The average size of the BL chromosomes was 48 % of the size of the AL chromosomes ( Table 1) . Two ploidy levels were revealed. The standard diploid chromosome set 2n = 12 AL was found in L. campestris and L. taurica (Fig. 2) . The other diploids were agmatoploid L. divulgatiformis and L. exspectata with 24 BL and unidentified taxa (samples B1, B13 and B14) also with approximately 24 BL (see the Discussion for details). The hexaploid L. multiflora possessed 36 AL chromosomes (Figs. 2) .
Luzula exspectata is new for Macedonia and Serbia at a distance of more than 500 km from previously known populations in Slovenia (Fig. 1) . In the Dinaric Mountains between these two areas, L. taurica appears to be the most common species in the (sub)alpine belt on calcareous substrates. Luzula divulgatiformis is new for Croatia, thus extending its known distribution range towards the south.
The estimated GS corresponded well to the ploidy levels (Table 2, Fig. 3) . The GS of diploids ranged from 0.66 to 1.03 pg DNA. Luzula taurica, L. divulgatiformis and L. exspectata had the same GS (mean 2C = 0.83 pg DNA) whereas L. campestris had a slightly higher value (0.92 pg DNA). The hexaploid L. multiflora had approximatly triple GS (mean 2C = 2.56 pg DNA, ranging from 2.36 to 2.78 pg DNA) of the diploids.
Based on previously published records regarding the presence of taxa from Luzula sect. Luzula on the Balkan Peninsula as well as our experiences with herbarium revisions, we compiled an identification key (Appendix 2) for Balkan taxa, mostly following Bačič et al. (2007b) and Kirschner (1993 Kirschner ( , 2002 . Shape of the seeds and their appendages, which are important for identification of Luzula species, are shown in Fig. 4 .
Discussion
Luzula sect. Luzula on the Balkan Peninsula
The morphological inspection of collected samples coupled with karyological analysis revealed that most of the populations under study belong to L. exspectata and L. taurica (Fig. 1, Table 2 ). The occurrence of L. exspectata in the southeastern Alps (Julijske Alpe, Karavanke and Kamniške Alpe) was not surprising, as this species was recently described from the Julijske Alpe in Slovenia and reported for adjacent areas in Slovenia, Austria and Italy (Bačič et al. 2007a,b) . In the past, it was mostly confused with L. multiflora or L. sudetica, but extensive morphological and karyological analyses have shown that it is a separate species with 24 BL chromosomes, which arose from the diploid level via complete agmatoploidy (Bačič et al. 2007a ). In the Alps, it is confined to locally oligotrophic, humusrich patches on calcareous substrate (Bačič et al. 2007a ). Our additional localities published here show that this taxon is the most common (sub)alpine species on calcareous substrates in the southeastern Alps; also, the only known populations of L. exspectata from the northernmost Balkan Peninsula (Mt Snežnik in Slovenia, Bačič et al. 2007a,b and Babno polje, Frajman and Bačič 2012) had similar ecology. It is therefore surprising that the samples from the Western Balkan countries of Macedonia and Serbia analysed in this study, which morphologically and karyologically corresponded to L. exspectata, grew on a siliceous substrate. The newly discovered localities are more than 500 km away from the previously known populations (Fig. 1) , and it is surprising that L. exspectata was not found in the mostly calcareous Dinaric Mountains in between where all samples from similar habitats belonged to L. taurica. Based on karyotype and distribution, the Balkan populations were expected to belong to L. fallax Kirschner (2n = 24 BL), which was previously reported for 'slopes and hills and lower mountains and meadows on naturally or artificially disturbed acid soils' in Albania, Bulgaria, Greece and European parts of Turkey (Kirschner 2002) . Morphologically, however, this species is well characterized by its small, few-flowered, usually hemispherical clusters, papillose peduncles and relatively short seed appendages (Kirschner 2002) , which was not the case with our Balkan samples. They were morphologically similar to L. exspectata, having ovoid to elongated, medium-sized clusters with more than ten flowers per cluster, smooth peduncles and conspicuous appendages (Bačič et al. 2007b) . Further detailed morphological and molecular phylogenetic studies are needed to reveal whether the Balkan populations are indeed conspecific with L. exspectata from the Alps and whether L. exspectata also occurs in the calcareous Dinaric Mountains. Luzula taurica (2n = 12 AL) was the most common true diploid in our study, being sampled from Bosnia and Herzegovina across Montenegro to Albania, Kosovo and Macedonia (Fig. 1) . Almost all populations were from the Dinaric Mountains, except the Macedonian sample from Mt Rujen (B8) on the border with Bulgaria. This, as well as the southeastern-most Dinaric populations from Mt Gjeravica/Đeravica in Kosovo (B17) and from the Trešnjevik saddle (B21) and Čakor pass (B25) in Montenegro were growing on acidic meadows on siliceous substrates whereas all other plants grew on locally oligotrophic, humus-rich patches on calcareous (sub)alpine meadows and pastures thus sharing the ecology with Alpine populations of L. exspectata. Also, previously identified populations from the Balkan Peninsula (Kirschner 2002) were growing in subalpine grasslands. Based on Fig. 1 , we can conclude that L. taurica is likely the most common (sub)alpine species from Luzula sect. Luzula on the Balkan Peninsula.
Another interesting although expected discovery is the occurrence of L. divulgatiformis in Croatia (Fig. 1) . This agmatoploid species (2n = 24 BL) was recently described from Slovenia where it grows in open woodlands, forest edges and clearings, mostly in lowlands ( Bačič et al. 2007a,b) . In this study, an additional population (S11) from the Kras area in SW Slovenia, from where several populations have been reported (Bačič et al. 2007a,b;  Fig. 1) , was investigated karyologically, in addition to one from Mt Vremščica (S24), which was based on a herbarium voucher alone. The karyologically investigated Croatian populations from Rab Island (B15) and Pelješac (B26) as well as one morphologically investigated herbarium voucher (Labin area in Istria, B23) were from the Adriatic coast. As the plants collected at Plitvička jezera (B12, NW Croatia) were in a fairly late phenological stage, additional sampling would be needed for final confirmation of the determination. The distribution of L. divulgatiformis (Fig. 1) is, according to current knowledge, limited to SW Slovenia, NW Croatia and the coastal part of Croatia, but its occurrence is expected also in adjacent Italy and on the Adriatic coast further south. The species is thermophilous, mostly thriving in nutrientpoor karstic meadows, pastures, scrublands and forest edges.
Lowland diploid L. campestris (2n = 12 AL) and hexaploid L. multiflora (2n = 36 AL) were collected in the lowlands of the northernmost Balkan Peninsula (Slovenia) where both species are common, the former thriving in dry meadows whereas the latter prefering moist habitats, mostly meadows and forests (Bačič et al. 2007b) . Both species are likely common in lowland areas of the Balkan Peninsula (Kirschner 1993 (Kirschner , 2002 , but as our focus was on mountainous areas, no populations of these species were sampled and therefore also the literature data of both are not included in Fig. 1 . Also, no population of tetraploid L. multiflora, thriving in the Pyrenees, Massif Central, Alps and Tatra Mts (Kirschner 1996) , have been found on the Balkan Peninsula. The tetraploid L. multiflora subsp. snogerupii Kirschner (2n = 12 AL + 24 BL), which was reported for grassy mountain slopes above 1,000 m in Bulgaria and Greece (Kirschner 2002) , also remained unconfirmed.
Moreover, two other species from Luzula sect. Luzula reported from the Balkan Peninsula were not sampled. The diploid L. pallescens (2n = 12 AL) is scattered in Eurasia and North America (Kirschner 2002) . The only reliable record from the Balkan Peninsula is from Fojnica in Bosnia and Herzegovina; the majority of old literature data are erroneous due to confusion with pale-flowered forms of L. multiflora (Kirschner 2002) . This was also the case in Slovenia where the species is absent (Bačič et al. 2007b ). On the other hand, L. sudetica (2n = 48 CL), which is reported for the mountains of the Balkan Peninsula (Kirschner 2002) , was not among our samples. Luzula sudetica appears to be absent in Slovenia (Bačič et al. 2007a) . Certainly, additional field sampling is needed in the Balkans to reveal where this taxon is present as well as to get more reliable data about the distribution of other taxa from this intricate group of plants.
In three Balkan populations, the combination of morphological characters and karyological analysis was puzzling. Sample B1 from Serbia (Mt Stol) is diploid with ca 24 BL chromosomes (the accurate number could not be assessed). The morphological characteristics were intermediate: relatively ovoid-subglobular seeds and very long appendages indicate L. campestris or L. divulgata, and papillose peduncles of clusters are characteristic for L. fallax (also karyotype!), but other characters (short style, anther/filament ratio approximately 1 : 1) indicate L. multiflora s.str. It might be that the sample was of a hybrid origin, as already Kirschner (1992c) suggested that L. fallax shows a tendency to hybridize. Samples B13 from Bulgaria (Mt Vitosha) and B14 from Bosnia and Herzegovina (Mt Troglav) were also diploid with 2C = 0.90 pg DNA. The accurate number of chromosomes could not be assessed for the former, which possessed many more than 12 BL chromosomes, whereas the latter had 24 BL chromosomes. Morphologically, the plants resembled L. taurica (oblong-ovoid seeds, long styles and long anthers), which, however, has 12 AL chromosomes and was reported for Mt Vitosha by Kirschner (1993) . It is possible that fission of chromosomes occasionally occurs in L. taurica and that our samples are merely its agmatoploid cytotype. Further sampling as well as karyological and molecular phylogenetic investigations are needed to finally determine these populations and to get further insights into the diversification of Luzula sect. Luzula on the Balkan Peninsula. Taking into consideration the group's taxonomical intricacy as well as the insufficient knowledge of the flora of the Balkan Peninsula, we expect that some new species of Luzula might also be discovered there in the future.
Genome size and chromosome numbers So far, genome size has been measured for only about 20 % of the Luzula species (Bennett and Leitch 2012) . In Luzula sect. Luzula with 57 species, genome size was estimated for eight taxa (Bennett and Leitch 2012) . The present study provides the first genome size data for L. taurica and presents additional estimates for four species (L. campestris, L. divulgatiformis, L. exspectata and L. multiflora; Table 2 ).
The GS of the investigated samples ranged from 0.66 to 2.78 pg DNA and was distributed discretely (Fig. 3, Table 2 ), corresponding to the ploidy levels revealed by chromosome counts. The average GS of all diploids was 0.85 pg DNA, and average GS of the hexaploid was 2.56 pg DNA. In general, the measured GS corresponded well to the previously published results obtained by DNA image cytometry (Bačič et al. 2007a ) and flow cytometry (Bozek et al. 2012) .
Our study provides first GS estimates for L. taurica, based on 56 samples from 10 populations ( Table 2 , Appendix 1). The GS of L. taurica (0.83 pg DNA) fits well in the range of other diploids from sect. Luzula, analysed here or previously (Bačič et al. 2007a; Bozek et al. 2012) , whose GS ranged from 0.83 pg DNA in L. divulgatiformis to 0.97 pg DNA (obtained by image cytometry) / 1.14 pg DNA (obtained by flow cytometry) in L. campestris.
The newly determined 2C-values of L. campestris (0.92 pg DNA), L. divulgatiformis (0.83 pg DNA), L. exspectata (0.83 pg DNA) and L. multiflora (2.56 pg DNA) are comparable to the values (0.97, 0.82, 0.96 and 2.71 pg DNA, respectively) published by Bačič et al. (2007a) and Bozek et al. (2012; 0.82 for L. campestris and 2.54 pg DNA for L. multiflora). By contrast, our estimates for L. multiflora are about 17 % higher than that (3.034 pg) obtained by Kuta et al. (2004) , but the difference is likely due to the different methodology (densitometry vs flow cytometry) or the usage of different plant tissues. On the other hand, the about three to four times higher GS reported for L. campestris by Mukherjee et al. (1993) and Sen et al. (1990) is possibly caused by misidentification, and their samples likely belong to a polyploid taxon, maybe to the common lowland species L. multiflora.
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